O cms | gg)cé Q
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AS R MAN OF SCIENCE YOU MUST TRUST ME WHEN I
SAY THAT EVERYTHING WE SIAND FOR IS IN JEOPARDN.
THIS COLLIDER IS THE ONLY THING THAT CAN SRVE US.

WE'VE SHOWN THAT THE RECENT UNEXPLAINED
BEHAVIOR 1S THE

PREVIOUS UNEXPLAINED BEHAVIOR.
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LHC Heavy lon Program

LHC Heavy lon Data-taking
Design: Pb + Pb at Vs, = 5.5 TeV
(1 month per year)

Nov. 2010: Pb + Pb at Vs, = 2.76 TeV

 LHC Collider Detectors
- ATLAS
- CMS
- ALICE

TRACKER
CRYSIALECAL 1o weight ;12500 T
Overall diameter : 150 m
Overall length : 215 m
Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE

SUPERCONDUCTING  ~
MAGNET

FORWARD
CALORIMETER

MUON CHAMBERS
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Global Observables from Heavy lons at LHC
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Charged Particle Mult:phc:ty

ALICE, Phys. Rev. Lett. 105, 252301 (2010)

Vsyy = 2.76 TeV Pb + Pb central (0-5%)

PbPb(0-5 %) ALICE A pp NSD ALICE
PbPb(0-5 %) NA50 O pp NSD CMS
AuAu(0-5 %) BRAHMS % pp NSD CDF
AuAu(0-5 %) PHENIX o pp NSD UAS
AuAu(0-5 %) STAR * pp NSD UA1
AuAu(0-6 %) PHOBOS x pp NSD STAR

AA

part )

At mid-rapidity in central collision

<
=X
=
o
~
G
<
O
S

Pb-Pb at Vswnw= 2.76 TeV:

— 1.9 x pp at Vsw=2.36 TeV
— nuclear amplification!

— 2.2 x AuAu at Vsan= 200 GeV

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Charged Particle Mult:phc:ty |

Vsyy = 2.76 TeV Pb + Pb central (0-5%)

12))

AGS

SPS
PHOBOS
p+pP+p (inel.)

p+p {(NSD)
S'pNSD p. >0 MsV
ALIC‘-' p+p

ATLAS p_>0 MsV

ALICE Pb+Pb 0-5%
ALICE power law 8"

part
o
<o anrO4lr

=== | 0g axtrapolation
@® ATLAS Pb+Pb 0-6%

%)

<
=
©
K -
P
©
s

o
=

John Harris (Yale)

ATLAS, P. Steinberg QM 2011

ATLAS Preliminary

At mid-rapidity in central collision
Pb-Pb at Vsnw=2.76 TeV:

— 1.9 x pp at Vsw=2.36 TeV

10* — nuclear amplification!
\'s and\[s,, [GeV]

— 2.2 x AuAu at Vsan= 200 GeV

Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



AL.;:.’; dN.» /dn — Centrality & n Dependence
ALICE, Phys. Rev. Lett. 106, 032301 (2011) ATLAS, P. Steinberg QM2011

,_llllllllIIIllIIlllllllllllllllllll]llll

o ¥

—
o

E
00
>

(o]
/2>)

part

PP AL

(=2)

o %y
E?”*ﬁ

LHC ~ RHIC ! # ATLAS Preliminary

) Pb-Pb 2.76 TeV ALICE  © Au-Au 0.2 TeV

» ppNSD 2.76 TeV] (interpolation
« pplnel 276 Tev J 2.36 <= 7.0 TeV)

ATLAS, Pb+Pb 2.76 TeV

1M, dN, /dn / (<N

(dN/dn)/(< Npm)/Z) \/Sy = 2.76 TeV
N H
(dN/dn)/(« Npan>/2) \[Syy = 02 TeV

ALICE, Pb+Pb 2.76 TeV

- N WA OO N O ©

_IIIIIIHIIHHIIIH IIIIIIIIIIHHIIHIIII”IIII

RHIC Au+Au 0.2 TeV, acaled up by a factor of 2.15

L | 1 L L L | 1 L L L | L L L
100 200 300

OO

v by o by v by by by |
100 150 200 250 300 350

|||II T T T o IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl

CMS Preliminary ]
PbPb \/s,,=2.76 TeV -

12)

part

CMS, B. Wyslouch a - 0-90%5
QM2011

CMS Preliminary
PbPb \/s,,=2.76 TeV

(N

B -ane
CMS L 85 90./0 —
HIJING2.0, sg=0.17
HIJING2.0, sg=0.23
Albacete & Dumitru, 2.75 TeV

DPMJET-III

T I T T A S Y N N Y T S S N S S S N |

100 200 300 400
Npar‘(
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dN.» /dn — Centrality Dependence vs Theory

N &
ALICE, Phys. Rev. Lett. 106, 032301 (2011) ALICE
Two-component models: AHICE. C. Loizides, QM 2011

Slelji processes chh/ dn = lTl.scatjrered nucl.eons (ERIERS Npart ggrﬁ) (S)E\algttgodnestgﬁéné:?r:I,;nacl)(i?;egf
. “nuclear amplification” — independent of s
Hard processes dN/dn ~ N cieon-nucleon collisions
. increased importance with Vs & centrality
- DPMJET MC
too strong rise with N,
 HIJING MC (2.0), no quenching

Centrality dependent —
Gluon shadowing

Tuned to 0-5% central

Saturation-type models:
Parametrization of saturation
scale vs \s & centrality (A)
geometric scaling

saturation, evolution

Predictions

)I2)

part

HIJING * ALICE
— Kharzeev et al.
DPMJET —- HIJING 2.0
Armesto et al.
» pp NSD — DPMJET Il
= pp Inel --== Albacete

Data favor models with moderation

of particle production vs centrality
(also at RHIC)!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Particle Ratios vs dN.» /dn at RHIC and LHC

ALICE, J. Schukraft QM 2011

*,

il Thermus ALICE

K/m ratios similar at and
B B Slight increase with dN/dn from pp
___________________________________________________________________________________________________________________________________________________________________ Lower than thermal model predictions

ALICE Preliminary
Pb-Pb \.‘S—NN =2.76 TeV
ALICE Pb-Pb \,?NN = 2.76 TeV (feed-down correct(
STAR Au-Au \,'% =200 GeV (not feed-down corn p/n
PHENIX Au-Au \,‘m =200 GeV (feed-down correc
BRAHMS Au-Au \{m =200 GeV (feed-down corrected, stat. errors only) |-

ALICE Preliminary
Pb-Pb \[S\y = 2.76 TeV
.............................................................. + STAR (not feed-down corrected!) |..

+ + + + + + +++Thermus

plx ratios similar at and RHIC
No change with dN/dn from pp value
~60% of thermal model value!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



RHIC Baryon Anomaly Re-appears at LHC! &

ALICE, J. Schukraft QM 2011 ALICE

Pb-Pb at \/s, = 2.76 TeV, |y|<0.75

> ; —— 0-5 % centrality
—=— 20-40 % centrality
o —»— 40-60 % centrality
Preliminary —+— 60-80 % centrality

—e— 80-90 % centrality
—e— (pp at\'s =7 TeV)
—e— (pp at\'s = 0.9 TeV)

LHC RHIC
Little change with p+, although significant
differences in spectra

Increases with centrality
Peak central B/m ratio x3 pp value

A Kg maximum

- ;\/Kg Pb-Pb 2.76 TeV ALICE
Noarr=2 point from 7 TeV pp

v 1\/Kg Au-Au 200 GeV x A/A STAR

with 10% feed-down correction

v K/Kg Au-Au 62.4 GeV STAR

.

Ratio at Maximum

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



igger Blast in dN /dp, for &, K, p at LHC! * ’

ALICE, J. Schukraft QM 2011 ALIC

‘T’G Y558 ALICE, Po-Pb,\s g = 2.76 Tev
= 000 PHENIX, Au-Au,\Sp, = 200 GeV
%103 e, %%  STAR, Au-Au,\{s_N\E‘t 200 GeV
O | B T, Slope changes at LHC vs RHIC
p— Ty *,
= [ T e

2 L 209000 * . .
D07 o ek, T Most dramatic for protons (in black)
Q. C ;.z'”G%’B‘é et *+
-O L %’f O O - -

—— Au-Au, pp, 0.2 TeV, 1, K, p

C 4o o I
- ALICE Preliminary =] 0.15 - Pb-Pb, 2.76 TeV, x, K, p
- 0-5% most central o2
10'1 L1 11 l L1 11 I L1 11 l L1 11 I L1 11 l 111 Q Q
0 0.5 1 1.5 2 2.5
p. GeV/c )

Blast Wave Fits

Stronger than predicted by 0 ! ! N
recent hydro 0 0.2 0.4 0.6

<p>(c)
John Harris (Yale) Workshop o v




Central Collisions of Pb-Pb at the LHC produce
dng/dn per N, pair ~ 2.2 RHIC
and an energy density 2 3 x RHIC!

Particle ratios (still few) same as at RHIC
Baryon Anomaly still exists (similar)
Stronger radial flow!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011




Elliptic Flow — Enerqy Dependence &

ALICE
ALICE, Phys. Rev. Lett .105, 252302 (2010)

* Increase :f\H\g from RHIC V,, versus Vs, (GeV) :
to ' 20 — 30 %
centrality
Described by hydrodynamics T
(various different calc’s) with: B ALICE
7 STAR
- Qlauber geometry PHOBOS
- VIsScous corrections PHENIX
n/s still small (~0.1-0.2) NA%S
- changes expected in —
space-time evolution i « EOS

A ES95
¥ FOPI

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Elliptic Flow — p; & Centrality Dependence ¢

ALICE, Phys. Rev. Lett .105, 252302 (2010) AL|CE

10-20%
20-30%
30-40%

Z3 10-20% (STAR)

0-30% (STAR)

1 30-40% (STAR)

15 2 25 3 35 4 45 5
P, (GeV/c)

Very little change in v, vs p, between 0.2 TeV (STAR) and 2.76 TeV (ALICE)
For three different centrality classes — consistent with hydro (Heinz; Eskola)!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Elliptic Flow — Vs, Dependence of v

ALICE, Phys. Rev. Lett .105, 252302 (2010)

3
0.2
0.15

0.1

0.05

STAR: PRC 77 (2008) 054901; PRC 75 (2007) 054906

(@)

- ===+ Fit to 200 GeV data

Charged Hadrons E, @

Au + Au Collisions, 20-30%
» ﬁ =2.76 TeV (Pb + Pb)
O \S,, = 200 GeV
M \Js,,, =624 GeV

= '0'&9.,..+

“te(F

STAR
preliminary

Change in vz vs pr

below 39 GeV (at 7.7 & 11.5 GeV)!

John Harris (Yale)

V2 VS transverse momentum
same for 2.76 TeV down to

v, {EP}

0.05

ALICE

STAR Preliminary
i Charged Hadrons

O\ = 200 GeV
N \5,, =624 GeV
O \Sy = 39 GeV
A \5y=11.5GeV

Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011




Elliptic Flow at Large p;

ATLAS, J. Jia, A. Trzupek QM2011

Characteristics:
Vv, inceases (up to ~ 3 GeV/c)
v, decreases (3 — 8 GeV/c)
v, ~ flat beyond

10 15 200 5 10 15 200 5 10 15 200 10 15 20

Expected centrality
dependence

Little n dependence!

10 15 200 5 10 15 200 5 10 15 200 5 10 15 20
pT[GeV]

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Elliptic Flow at Large pr KM &

ATﬁAS ALICE

Characteristics:

Vv, inceases (up to ~ 3 GeV/c)
v, decreases (3 — 8 GeV/c)

10 15 200 5 10 15 200 5 10 15 200 5 10 15 20 V2~ﬂat beyond
p, [GeV]

v,{SP, IAN>0.4, AA-pp}
® 510% Expected centrality

ALICE Preliminary B 10-20%

Pb-Pb at \s,=2.76 TeV 20-30% de pen dence
v 3040%
40-50%

Little n dependence!

Similar in CMS and ALICE!

ALICE, A. Dobrin, QM 2011
John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Elliptic Flow at Large p;

ATLAS, J. Jia, A. Trzupek QM2011

ATLAS h' Pb+Pb \s,=2.76 TeV 40-50% Characteristics:

ALICE 1 Pb+Pb =276 Te/ 40-50% Vv, inceases (up to ~ 3 GeV/c)
STARh' Au+Auys,, =200 GeV 40-60% A decreases (3 —8 GeV/C)
v, ~ flat beyond

PHENIX ° Au+Au\s,, =200 GeV 40-50%

Expected centrality
dependence

Little n dependence!

Little Vs, dependence!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Hydro Elliptic Flow — Identified Particlests

ALICE, M. Krzewicki, R. Snellings, QM 2011 ALICE

Hydro prediction for Pb-Pb events at\[s, = 2.76 TeV, Heinz&Shen Hydro prediction for Pb-Pb events at\[s,, = 2.76 TeV, Heinz&Shen
centrality 10%-20% centrality 40%-50%

CGC initital conditions, 1/s=0.2 ’ CGC initital conditions, n)/s=0.2

arXiv:1105.3226v1

Hydro predicts larger mass-splitting at low pyat LHC
Mostly due to proton flow, seen in spectra!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



LHC Elliptic Flow — Identified Particles &%

ALICE, M. Krzewicki, R. Snellings, QM 2011 ALICE

ALICE preliminary, Pb-Pb events at\[s, = 2.76 TeV
centrality 10%-20%

—

ALICE preliminary, Pb-Pb events aty/s,, = 2.76 TeV

TEH ;

centrality 40%-50%

@7, v, {SP, [An>1) @7, V,{SP, [an>1)

JK, v,{SP, |An|>1} \K*, V,{SP, |an[>1} o
P, v,{SP, |an|>1} [P, v,{SP, |an|>1} s g

—hydro LHC /I

(CGC initial conditions) T & $ . s 4
(/s=0.2) T & ’

—hydro LHC

(CGC initial conditions) r ‘
(n/s=0.2) 1

Hydro predicts larger mass-splitting at low p+
Mostly due to proton flow, seen in spectra!
Hydro fits v, (xt, K) , but NOT the most central p!
CGC initial conditions, n/s = 0.2

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



LHC & RHIC Elliptic Flow — Identified Particles

ALICE, M. Krzewicki, R. Snellings, QM 2011 ALICE

ALICE preliminary, Pb-Pb events aty\fs, = 2.76 TeV ALICE preliminary, Pb-Pb events at\[s, = 2.76 TeV
(PHENIX data: Au-Au@200 GeV) (STAR data: Au-Au@200 GeV)

[JwK (PHENIX) ;E:(';Ch%?go e ' Fin (STAR)

[ ]p (PHENIX) CGC initial conditions) 4 ""'"%5+(STAR)
[l v, {2, jan/>1} n/s=0.2) @7, v,{2, |an[>1}

+ &K, v,{2, |an[>1}
KE, v, {2, |An]>1 2
%ﬁ vv{i I_lnll]>|1}} [P v, {2, [an>1}
1 2 * £

¥ RHIC hydro
—LHC hydro
(CGC initial conditions)

(m/s=0.2) @

centrality 20%-40% i - - centrality 30%-40%

02 04 06 0.8 1 1.2 14 16 18 2 02 04 06 0.8 1 1.2 14 16 18 2
p, (GeVic) p, (GeVic)

ALICE (n. K. p) data points

PHENIX bands: Phys. Rev. Lett. 91, 182301 (2003) STAR bands: Phys. Rev C 77, 054901 (2008)
Hydro curves: Shen, Heinz, Huovinen & Song, arXiv:1105.3226

Larger mass splitting at LHC than at RHIC
Hydro: CGC initial conditions, /s = 0.2

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Identified Particle Elliptic Flow at Large p; *.

ALICE, A. Dobrin, QM 2011 ALICE

h*+h’ h+h’ ™ Centrality 30-40%
T . ) + e ks’
T+ & T +TT -

p+p ALICE Preliminary p+p ALICE Preliminary
70 (PHENIX)  Pb-Pbat s, =2.76 TeV n® (PHENIX)  Pb-Pb at /s =2.76 TeV
PHENIX data PHENIX data
0.4— Au-Au at \[s,=200 GeV
PRL 105 (2010) 142301

16 18 20
P, (GeV/c)

Centrality dependence
V, (p) >V, (m ) up to ~ 8 GeV/c
PHENIX v, (%) ~ ALICE v, (it*)

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Identified Particle Elliptic Flow — Quark Scaling? *,

ALICE, M. Krzewicki, R. Snellings, QM 2011 ALICE

ALICE preliminary, Pb-Pb events at\[s, = 2.76 TeV ALICE preliminary, Pb-Pb events atyfs = 2.76 TeV

centrality 10%-20% centrality 40%-50%

Bni, v,{SP, |an|>1} Bni, v,{SP, |an|>1}
[A]K*, v,{SP, |an|>1} _ [R]K*, v,{SP, |an|>1}
[5]P, v,{SP, Jan|>1} (u|P, v,{SP, |An>1}

02 03 04 05 06 07 08 09 1

(m-mg)/n_ (GeV) ' (m-my)/n_(GeV)

Quark scaling appears to work for m and K at low p+
Quark scaling does NOT work for protons at low p+

Quark scaling may work (large errors) for = K p at high p+

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Quick Aside!

ALICE

Chiral Magnetic Effect

ALICE, J. Schukraft QM 2011
<cos(¢a + @y —2W,, )>

<COS(§0a — @y )>

R ><10'3: I R 10><10'3.
;& +- ++’-- l _?:j_ +- ++,__ o
10— : LT - £
‘\,'m & & ALICE Pb-Pb @\s,,, = 2.76 Te\ l § 8— @ - ALICEPb-Pb@\s,, =2.76 TeV
> -
';5 0.5 = = STARAU-Au@\s,, =0.2 TeV | __________ 6 = </ STARAu-Au @S, = 0.2 TeV
3 1 : o
: RHIC A
BN Preliminary
05 % % 2 [ ] Ho C
0.5 @] o *x
, 2 % % o [RHC
o fg® 85 o O
Preli%minar%/ 0 DA AR e Y A A
1 AR
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Centrality percentile
Like sign correlations ->same side

Unlike sign correlations ->opposite

Centrality percentile

(++), (+-) unlike sign & magnitude
(++),(+-) same sign, similar magnitude
ﬁ
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Local Parity Violation
|n strong magnetlc Field ?




Fluctuations & Fourier Decomposition of dN,,_,. /dA¢

Quick Aside 2!

dN

n=1

dN hairs ow - ‘
= < P > % 1 —22/v2>cosn(A@)

dAo x

n=1

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Two-particle Correlations, Fluctuations —
Away with the Mach Cone???

ATLAS J. Jla QM 2011

— ——
nn(EPn—26)+v

ALICE, A. Adare QM 2011

blue curve: sum (not a fit)

Py 2-2.5 GeV/c
p?ss“ 1.5-2 GeV/c
Pb-Pb 2.76 TeV, 0-1%

= = = Even harmonics (EP n=2,4,6)
Odd harmonics (EP n=3,5)

- : 0-1% 2<lAni<5
flTLAS Plrelimlnarx 2|-0 < p:,p; <3.0 GPTV
-1 0 1 2 3

<
L
Vv
<
\'/
@
o
=
3
&)

stapstlcal error only

CMS, B. Wyslouch QM 2011
John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011




Vv, increases from RHIC to the LHC

centrality & p; dependence of v, same at LHC & RHIC
(except decreases below Vs, = 39 GeV)

larger v, mass splitting (esp. protons) at LHC
V, (p) >V, (m ) up to~8 GeV/c

Vv, quark scaling does NOT work for protons at LHC

successful Fourier decomposition of bkgd fluctuations!
Chiral magnetic effect (RHIC & LHC similar, also in magnitude)!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011




Space-time Evolution of System — Freezeout Volume

ALICE, Phys.Lett. B696 (2011) 328
arXiv:1012.4035v2 [nucl-ex] 2011 % A
Bose-Einstein Correlations — R, ;R4Riong = V (homogeneity region) ALICE

E895 2.7, 3.3, 3.8,4.3 GeV
NA49 8.7, 12.5, 17.3 GeV

CERES 17.3 GeV %
STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

A
A
|
w
O
o

=
ﬁég%% Vine ~ 2 X Vepic!

1000 1500 2000
(dN |/dn )
ch

R R

R — V (homogeneity region) linear dependence on dN_/dn

V (central PbPb) at LHC ~ 300 fm3
John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011
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Space-time Evolution of System — Decoupling Time

ALICE, Phys.Lett. B696 (2011) 328
arXiv:1012.4035v2 [nucl-ex] 2011 % A

Bose-Einstein Correlations — Decoupling time t; — ;. ~ R, ALICE

E895 2.7, 3.3, 3.8, 4.3 GeV
NA49 8.7, 12.5, 17.3 GeV
CERES 17.3 GeV

STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

e0xXxmD >

i

Ada

7 (LHC) ~ 1.4 x 7, (RHIC) !

10 12 14
(dN /dn )"
ch

T, ~ (dN_/dn) "3 <, (central PbPb)~ 10 — 11 fm/c
John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



Degenerate Fermi

Hydrodynamic Gas of Ultracold
Evolution of System |
C. Shen, QM 2011

Ref: C. Shen, U. Heinz, P. Huovinen,
H. Song, arXiv:1105.3226.

Hydro evolution at RHIC and LHC:
20-30% peripheral AuAu or PbPb

Black curves: freeze out surface at
Tuin r0= 120MeV

LHC expansion rate >> RHIC rate
- Stronger hydro force -> more v,
- Rips apart fireball (in two)
along the reaction plane near FQO!

AT PG P s HI

John Harris (Yale) Workshollee Lt = 2000ps

LHC

|
o

BT =0.6 fm/cC

20~30%
Centrality

o T=1.6fm/c




Pb-Pb collisions at the LHC have:
volume ~ 300 fm?
lifetime ~ 10 fm/c

That is
2 x volume
1.4 x lifetime
compared to RHIC collisions!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011




Hard Probes with Heavy lons at the LHC

Part 1 — R,, (particles)

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



LHC — Central Pb-Pb Spectra Suppressed &

ALICE, Phys. Lett. B 696 (2011) 30. ALICE

©0-5%  Pb-Pb\[S,, =276 TeV

r1 inrdAy 2 ardd o 3.
, : (1/NZ)d N7 [dndpr
© 70-80% Charged particles Rau(pr) = Ve ) &Ny /ANAPY
..'-.' ‘i ) —

(Neon) (1/NZ2) 2 _T'L '|dndpr

Central Pb-Pb suppressed!

Peripheral Pb-Pb less!

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011



R,, at SPS, RHIC, LHC, & Theories

CMS, Wyslouch QM 2011

SPS 17.3 GeV (PbPb) GLV: dN,/dy = 400
GLV: dN /dy = 1400
GLV: dN,/dy = 2000-4000

o n® WA98 (0-7%)

RHIC 200 GeV (AuAu)

. — YaJEM-D
O = PHENIX (0-10%)

elastic, small Peac

¥ ONSTAROS%) p_ R AA to 100 GeV/c!

LHC 2.76 TeV (PbPb)  VaJEM

@ h* CMS (0-5%) — ASW

Large quenching!

4 h* ALICE (0-5%) PQM: <G> = 30 - 80 GeV/fm

10 20 100 200
P (GeV/c)
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More R, , from RHIC, LHC and Theory

A. Buzzatti & M. GyU|assy, arXiv:1100.3061v1 CUJET1.0 RHIC 0.2ATeV AuAu dN,/dy=1000

PRELIMINARY
i + PHENIX 0.2 ATeV n°(0-5%) @ ALICE 2.76 ATeV h* (0-5%)

10 20 30 40 50
pr (GeV)

CUJET1.0 LHC 2.76 ATeV PbPb dN,/dy=2200
/g

dNg/dy CUJET1.0 ]
"~ 1000 RHIC 0.2
|

Dynamic i
y { 2200  LHC 2.76

) ~elas+rad
0 10 20 30 50
pr (GeV)

. rad :iltl \y
arXiv:1106.3061v1 [hep-ph] N { WHDG
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R, ., for Colorless Probes
CMS, Y.J. Lee QM 2011

CMS Preliminary
PbPb)[s,, = 2.76 TeV |q‘|<1.44.f L dt=6.8ub"

T T T I T T T I T I T T T
~ CMS Preliminary
~ PbPby/s,, =2.76 TeV, J Ldt=7 ub'1

—
(¢}

—

—r— Pbpb(0-1 0%)/pp(CT1 0) Gauge bosons
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R consistent with 1
within uncertainties!
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Charged Particle R,, Relative to Reaction Plane %

ALICE, A. Dobrin QM 2011

Centrality 5-10% | @
o

ALICE Preliminary
Pb-Pb at \ s\ =2.76 TeV

ALICE

e In plane | Centrality 20-30% |

O Out-of-plane
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©

ALICE Preliminary
Pb-Pb at \s\=2.76 TeV

e In plane

O Out-of-plane

11 l1|8I 1 I20
P, (GeV/c)

©
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Pb-Pb at \[s=2.76 TeV

o‘¢++
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o o O 0 0
OOOOOOoO

e In plane

O Out-of-plane

1 1 1 | 11 |
18 20
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More suppression out of plane

t (longer path-length)!

¢

John Harris (Yale)

Difference increases with increase
in aspect ratio of initial overlap!
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R,, for Heavy Quarks!
%% ALICE, A. Dainese QM 2011 8 POPD ayeaTeTey

A D°R,, 0-20% CC

. - m D'R,, 0-20% CC
t .
ALICE

ALICE Preliminary

Parton Energy Loss through
medium-induced gluon radiation
and collisions with medium

From pQCD expect:

AEg > AEq,C > AE,
and thus:

D% Pb-Pb \s,=2.76 TeV
Ok ]

ALICE Preliminary

m  Rgp 0-20% / 40-80%

Rcp prompt D

Raa () < Rpa (D) < Rpa(B)

Observed R,, of D-mesons

strongly suppressed
(like pions)!
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R, for e and u from Heavy Quarks! &
ALICE, A. Dainese QM 2011 ALICE

Pb-Pb, \/s,, =2.76 TeV
centrality 0-10%

—e— Electrons: inclusive-cocktail lyl<0.8

inclusive-cocktail

—%— Muons -4<y<-2.5

4 R, of electrons and
ALICE Preliminary muons are consistent
within errors.

From FONL:
B-decays dominate
above ~ 5-6 GeV/c.

Thus:
B suppression appears
to be large!
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R,, Centrality Dependence — D and & *

ALICE, A. Dainese QM 2011 ALICE

Pb-Pb \f"SNN=2.76 TeV A DO RAA 0-20% CC . Pb-Pb V%=2'76 TeV A DO RAA 40-80% CC
ff—\ = D*R,, 0-20% CC . A = D' R,, 40-80% CC

e 7 R,, 0-20% CC : * = R,, 40-80% CC

0 — 20 % centrality 40 — 80 % centrality

~ 4-5x suppression for charm for p; > 5 GeV/c
Raa (D) ~ Raa () for pr > 5 GeV/e
Raa (D) slightly larger than Ry, () for pr <5 GeV/e
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R,, Centrality Dependence — J/y and Y
CMS, C. Sylvestre, B. Wyslouch QM 2011

LI L LI ]I 1IIT

CMS Preliminary

PbPb \/s\\ =2.76 TeV
= Prompt Jiy

* Non-prompt J/y
¢ Y(1S)
0.8

0.6 ‘ Inclusive Y (1s) suppressed

0.4 Non-Prompt JAp from B-decays

02~ 0.0<lyl<2.4 . Prompt J/Ap suppressed
6.5 < p‘T""" <30.0 GeV/c| [0.0<p’ <20.0 GeV/c|-

Oll lil T 11 - Ll Jl ‘JlL lll lllJ

0 50 100 150 200 250 300 350 400
N

part
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J/y R, , Centrality Dependence — LHC & RHIC %

ALICE, G. Martinez-Garcia QM 2011 ALICE

m ALICE (Pb-Pby's,, =2.76 TeV), 2.5<y<4, pT>O (preliminary)
o PHENIX (Au-Auy's, = 0.2 TeV), 1.2<lyl<2.2, pT>O (arXiv:1103.6269)

. S
T :

L N N N N Y
\V

=

() ALICE <N >is weighted by N_|

50 100 150 200 250 300 350 400

*
<Npart >

Jhp Ry, larger at LHC (2.5<y<4) than at RHIC (1.2<|y|<2.2)
Similar to RHIC (]y|<0.35), except for most central bin
Note — dN/dn(N,,)-7¢ ~ 2.1 x dN/dn(N,,)RHC

John Harris (Yale) Workshop on Future Strategy for RHIC, BNL, June 21 - 24, 2011

OO




Pb-Pb collisions at the LHC have:
large quenching to high pT

Raa pathlength differences as expected

D suppression large (Ry, ~ 0.2-0.3 in central)

B suppression large (Rys ~ 0.3-0.4 in central)
Prompt J/Ap suppression large (Ry, ~ 0.2 in central)
Y(1s) suppressed (Ry,~ 0.6 in central)
Forward prompt JAp less suppressed than at RHIC

Theory predictions of unique Ry, (py) differences for &, D, B
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Hard Probes with Heavy lons at the LHC

Part 2 — Jets

tatLHC, CERN
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Jet Suppression at the LHC — ATLAS

ATLAS, B. Cole QM 2011

ATLAS Preliminary e Centrality 0-10 %
e 100<E, <125GeV -
ATLAS Preliminary

Illlllllll

lllllllllllll
IIIIIIIIIIIII

|
|
+
|

Pb+Pb \[Syy =2.76 TeV
L ="7n b’

e Centrality 30-40 % Pb+Pb \[S, = 2.76 TeV

1 150 GeV
25 <E, < 150 Ge Liy=7ub"

|IIII|IIII LI
lllllllll LU Ll

Illllllllllll TTTT

]

e Centrality 50-60 %

prali lllll lllI

|

llllllll

Centrality [%]

Similar jet suppression R (rel to 60-80% centrality):
increases with centrality (to factor 2) no significant jet E; dependence
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Jet “Shapes” at the LHC — ATLAS

ATLAS, B. Cole QM 2011

E, »>100 GsV E, ~100 GsV

—
=)
n

O  Antik,R=04,0-10%, p >2 GeV Antik | R=0.4, 0-10%, p_>2 GeV

o  Anik R=04,40-80%,p >2 GeV o Ak, R=04,4080%, p >2GeV

1/N,,, dN/dz

. . 2
1N, 1/, dN/d]_[(GeV/c)?]

005 1152258 35 4 &R 0000304 0508 0708 '(')'.9"'21
jr = pr(hadron) x sin (R,,) z = pr(hadron) / E; x cos (R,,)
For central vs peripheral: For central vs peripheral:
No significant broadening of jet Slight softening of jet fragment z distn’s.

fragment j; distn’s.
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Di-Jet Asymmetries at the LHC — ATLAS
ATLAS, B. Cole QM 2011

Centrality 0-10% Centrality 10-20% Centrality 20-30%

E ATLAS Preliminary _

o E..>100 GeV [CJHWING+PYTHI — _ +

3 gb-fpb \'SNN = 276 Te : ET 1 - 25 Gev E e Pb:Pb Data AJ (ET1 ET2) / (ET1 ET2)
L =700 RT:Z 04 o p+p Data

Corrected for underlying event flow
Also results for R = 0.2

£ Centrality 20-30%

35¢ E; ;> 100 GeV £ [HUING+PYTHIA
& 3t Er,>25GeV - ® Pb+PDb Data
= o p+p Data

(1N ) dN/dAG

v
T, bl T

D |'J et ene rgy imbalance 4 Centraliy 30-40% @ ity . Cetraliy 0-80%

ATLAS Preliminary

Also see: ATLAS, PRL 105 (2010) 252303 Little di-jet asymmetry observed
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Di-Jet Asymmetries at the LHC — CMS

CMS, B. Wyslouch, C. Roland QM 2011

i cms del=35.1 oo’ T JLm:eJub" 1
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R L @@ 4 @ .
o seom] s weson Corrected for underlying event flow
@ et j:(e:):}we}‘:*.h‘w‘[::}V:(f;'}z“}‘:'{‘e‘}:a';_
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Di-Jets at the LHC — CMS

CMS: arXiv:1102.1957
CMS, C. Roland QM 2011

in-cone /%,
/ out-of-cone
0-30% Central PbPb <

r'YTIY“YI' ‘]TI'YIVYIV "I" T
e 030% | @ »05GeVic [ Out-of-Cone -
i Pb+Pb \5_,=2.76 TeV Il [ 0.5-1.0GeVlc - AR<0.8
fL dt=6.7ub" . T [)1.0-20GeVk .
[ 2.0- 4.0 GeVic
- (I 4.0 - 8.0 GeV/c
. A > 8.0 GeVic
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)
=
>
[+2)
S
A

o

R

8

arXiv:1102.1957 [nucl-ex]
H'o.|4"l\” BT e

balanced jets ) unbalanced jets

Di-jet energy imbalance offset by lower momentum particles
opposite leading jet and outside away-side jet.
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Jet suppression factor ~ 2 in most central events

No observed jet E; dependence of fragment j; distn’s
Slight softening of fragment z distn’s
No significant broadening of j;

Large di-jet asymmetries observed
No di-jet angular de-correlation observed
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Future Prospects for the LHC Heavy-ion
Program
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LHC Heavy lon Program

- completed - “planned” - “planned shutdown”

2010 — Vs = 2.76 TeV Pb + Pb (4 weeks)
2011 — Vs = 2.76 TeV p+p (completed), Pb + Pb (4 weeks), p + Pb tests
2012 — Vs =2.76 TeVPb+Pb or p+Pb / Pb+p

2013 — Shutdown for maintenance, installation & repairs

2014 — +6 month shutdown - LINAC 4, vertex detector upgrades
Vsyny = 5.5 TeV Pb + Pb for physics

2015 — Vs = 5.5 TeV high L Pb + Pb to reach 1 nb-"

2016 — Vs = 5.5 TeV high L Pb + Pb or p+ Pb / Pb + p hard probe physics

2017 — Major upgrade shutdown - IR Quads & detector upgrades

2018-19 — Vs = high L 5.5 TeV p + Pb or d + Pb (if source & LINAC ready)
hard probe physics

2020 — Physics with very high L Ar + Ar (102° cm?s™1) hard probe physics

2021 — possible shutdown....upgrades
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The LHC 10-Year Technical Plan (add 1 yr!

| 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016

M| J|J ASIOND J/FIMAMIJ|J/ASOND|J FMAMIJ JIASIOND|J FMAM|J IJASIONDIJFMAMI|IJASONDIJFMAMIJ JASOND|IJFMAMIJ J A S| OND

HEEEEE -1 ENEEEEEEE - DR EEEEEEEEE RN} NNEEEEL - D1 NNRREEENE -0 ENNEEEEE - DR R RRNRE RN

3 Machine: Splice Consolidation & 5] 3 Machine: Collimation & prepare for
é CollimationinIR3 § § crab cavities & RF cryo system
D U QJ .
k= ALICE - detector completion k= < ATLAS: nw pixel detect. - detect.
o © © for ultimate luminosity.
s g £
£ ATLAS - Consolidation and new forward g 2 ALICE - Inner vertex system upgrade
> beam pipes ¢ > .
CMS - New Pixel. New HCAL
CMS - FWD muons upgrade + Photodetectors. Completion of
Consolidation FWD muons upgrade
LHCb - consolidations LHCb - full trigger upgrade, new
vertex detector etc.
SPS upgrade SPS upgrade SPS - LINAC4 connection &
PSB energy upgrade
| 2016 | 2017 | 2018 | 2019 | 2020 | 2021 |

JIFIMAM/J|J/ A S ONDJFMAMIJ| JASONDIJFMAMIJI JASOND|IJFMAMI JA|SIOND|J|IFMAM|IJ| IJASONDIJFMAMIJI|IJ A S OND

EEREEEEREEEEE NN \lﬁlll\!HIHEIII\IH\\lﬁlll!HIIHIIIHIHI\H! |

Machine: Collimation and prepare
for crab cavities & RF cryo system

Machine - maintenance & Triplet upgrade

ATLAS: new pixel detect. - detect. ATLAS - New inner detector
for ultimate luminosity.

ALICE - Second vertex detector upgrade

X-Masmaintenance
X-Masmaintenance

ALICE - Inner vertex system

CMS - New Pixel. New HCAL CMS - New Tracker

Photodetectors. Completion of
FWD muons upgrade

LHCb - full trigger upgrade, new
vertex detector etc.

| LOOP TP P e e e e e e e et preere et Perreieat

SPS - LINAC4 connection &
PSB energy upgrade
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Questions to Ponder: Require Detailed Work,
Ingenuity — Quark-Gluon Plasma at RHIC & LHC

What are the properties & constituents (vs. T) of the QGP?
- quarkonia (screening vs LQCD)

Can we understand parton energy loss at a fundamental level? RHIC & LHC
- u&d,g,c,b differences should reveal medium properties!

How does hadronization occur? — the question never addressed!

QCD Phase Diagram - featureless (above/near Tc)? Coupling strength vs T....
Are there new phenomena? — What about the Chiral magnetic effect? Others?
Ranges of validity of the theories (non-pQCD, pQCD, strings)?

- Can there be new developments in theory (lattice, hydro, parton

E-loss, string theory...) and understanding...... across fields...... ?
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Heavy lon Programs at RHIC and LHC

L Cover 3 decades of energy
in center-of-mass

Opportunities to investigate properties of hot QCD matter at T ~ 150 — 1000 MeV!
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